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Neutrino Oscillations
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® Neutrino oscillations are the process of

neutrinos of one flavor changing to another and
then back again

® Qscillations occur because the neutrino flavor
states are actually combinations of neutrino mass V. ' e
States Ve Uel Ue2 U€3 1 R 2

Vr UT]. U7'2 U7'3 V3

0\"

V. V.

® U is the unitary matrix that represents the 3
rotation from the mass basis into the flavor basis

® Neutrinos interact in the flavor states, but
propagate in the mass states 3
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y 4 What We Know About Oscillations =&
»;3 3

s5in? 0,
Bounded by reactor exps. with L ~ 1 km

® Zero point of mass scale % i A R G, e P
" - F 1 — B - }
i v

currently unknown -

® A variety of experiments
(solar, reactor, atmospheric) Am?, =~ +— {
have shown us (mass)*

o Atm—Am? =23 x 103 eV2 %m
}Amzaol -—

® Solar»Am? = 8 x 10~ eV? v, ] and v_ (reactor) spectra
{From max. atm. mixing, v,+v,

® Figure shows the fraction of Sy
flavor states in each mass TS

state PAv.11U, 1] v, (10,12 [ v, [1U,17]

® Most mixing angles are large

From v (Up) oscillate
but \.r“(Down} don’t

In LMA-MSW, P_(v.—V,)
=v, fraction of v,

From distortion of v_(solar)

Figure from B. Kayser (2004)
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y 4 What We Know About Oscillations =&
».\3 3

Now measured!
{ 013 = 0.092+0.01610.005 (Daya Bay)

613 = 0.103£0.013+0.01 |  (RENO)

® Zero point of mass scale _ ) v, +V,
A From max. atm. mixing, vy=-"_—
currently unknown - m V2
® A variety of experiments . (U5 sl
. 2 rom v (Up) oscillate
(solar, reactor, atmospheric) 9 Aine . *—{ but v, (Down) don't
have shown us (mass)? 1
o { In LMA-MSW, P_ (v.—v )
=v_ fraction of v,
o Atm—Am?=24x 103 eV? m : :
v2 2 From distortion of v _(solar)
}‘&m sol L

® Solar»Am? = 8 x 10~ eV? v, ] and v_ (reactor) spectra
{From max. atm. mixing, v,+v,

® Figure shows the fraction of Sy
flavor states in each mass TS

state PAv.11U, 1] v, (10,12 [ v, [1U,17]

® Most mixing angles are large

Figure from B. Kayser (2004)
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What Next!?

® Future questions to answer about
oscillations

® |s the PMNS matrix sufficient to
explain oscillations!?

® Are there more neutrinos than the
3 active flavors?

® |s the CP violating phase non-zero?

® What is the mass hierarchy?

® Most of these questions will require
new experiments to answer them
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® Electric field established between cathode
and readout planes

® Minimum ionizing particle releases 55k e/

cm e drift directioz
® Electrons drift toward readout planes with Cathzde 'VG;V
velocity of 0.155 cm/ps - need > |.6 ms for 05->2m
2.5 m drift
e (dE/dx) for minimum ionizing particle is
1.519 MeV cm?/g
e Attractive detector design for large Collection Plane Pulse
detectors as channel count goes as fraction ) >
of the area rather than volume /\ Time
® Primary challenge - keeping LAr pure over
long drift distances
7 Induction Plane Pulse
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Why Argon!?

He Ne Ar K1 Xe

Boiling Point [K] @ 373 27.1 87.3 120.0 165.0

latm

Density [g/cm?] | 0.125 1.2 .4 2.4 3.0

Radiation Length [cm] 36| 755.2 24.0 14.0 4.9 2.8

Scintillation [ y /MeV] - 19,000 30,000 40,000 25,000 42,000

dE/dx [MeVicm] 1.9 .4 2.1 3.0 3.8
Scintillation A [nm] 475 78 128 150 |75

® Cheap and easy to obtain - 1% of atmosphere, $| / L (cheaper than Pepsi)
® Relatively high boiling point

® Produces lots of scintillation light as well as ionization

® Transparent to own scintillation, useful for triggering

® Good liquid for having large electric field running through it
8
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o L, E
LAr Purification
.3

® Removal of electronegative

contaminants in a manner that 08

keeps costs low is critical to {'E=0.5 kV/em
LArTPC development | :

T =§2.5 ms

® Plot at right shows curves for
electron attenuation as function of
drift distance

® Acceptable amount of attenuation
determined by electronics (S/N)

Free electron attenuation

® Product of lifetime and O2

=____ .
contamination is 300, empirically 0 1 2 3 4 5

Maximum drift path, m

determined
From C. Montanari, June 2007

® Need T =5 ms for 2 m drift
distance, or about 60 ppt O>
equivalent contamination
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Liquid Argon Purity Demonstrator

® Primary goal: show required electron

. . . . :;- ! V )
lifetimes can be achieved without 1 4
evacuation in an empty vessel - Phase | “'~.'L\/
: : 30 t of
® Also monitor temperature gradients, _
: ~6000 ga
concentrations of water, O
® Phase Il will place TPC into the volume - ~
and show that the lifetime can still be o

achieved
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Gaseous Argon Purge
02, H20, and N2 During Tank Purge

1,000,000

100,000
® Oxygen 21% -> 3.2 ppm

10,000 @ Water 300 ppm—>1ppm—
@ Nitrogen 78% -> 8.7 ppm

1,000

PPM

100

10

Volume Changes

Saturday, June 16, 2012



Liquid Argon Recirculation

02, H20, and N2 During Tank Liquid Recirculation

\*‘“ S S SIS el Ses Y

20Fed 12135843

100
A==
® Oxygen (liquid) 160 ppb -> 100 ppt
10 ® Water (vapor) steady at 40 ppb
g @ Nitrogen (vapor) 0.75 ppm -> 0.36 ppm
1
01 -
First electron lifetime reading of ~3 milliseconds
about 100 ppt of oxygen equivalent contamination
0.01
0 2 4 6 8 10 12

Volume Changes

® Liquid filtration began after the flow through the O filter was reversed to prevent
clogging of the particulate filters

e Filtration progressed at the rate of about | volume exchange every 6 hours
® First electron lifetime measurements made after || volume exchanges

® Electron lifetimes were determined to be at least 3 ms, LBNE needs |.4 ms
12
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Electron Lifetime Stability #

v | |

* PrMO
. 25 . PrM3 1 @ Lifetime during first run was stable at
‘é’ 20f . * PrM4 ; 3 ms or better
QE’ 15} { ® Lifetimes began decreasing after 2
= weeks, indicating filter saturation
2 10} :
i) : :
5 { ® Filters were regenerated after the first
- 1 : of the year and running resumed once
Q270177 12/08/11 12/15/11 flow was reestablished with the pump
00:00:00 00:00:00 00:00:00
: ' " . pmo | ® Lifetimeswentupto5 ms
—~ 250 * PrM3 - : , L
» 1 ® Filters possibly started showing signs
£ 20F . CEs : :
= =k . . . of saturation again, but an unplanned
T e S, ower outage stopped the run
c 15 . 5 P & PP
= _F g . . prematurely
Q 10 e4, _..-}. KT AR R
- 5t ‘r .“s'ityh - 1 ® Currently repairing/upgrading filters
A o B " and condenser, ready to fill again in
| P 0 SN s Y 8
01/26/12 02/02/12 02/09/12 02/16/12 02/23/12 June

00:00:00 00:00:00 00:00:00 00:00:00 00:00:00
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Future Studies '*
.3

e |LAPD will continue running this summer to
® Fully characterize filter sizing and material performance

e Study temperature gradients in the bulk liquid as a way to understand
convection

e Study the effect of varying the flow rate on the electron lifetimes

® Perform studies of how quickly lifetimes can be recovered from intentional
poisoning of the environment in the vessel
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Cold Electronics #
.3

® Llarge liquid argon TPCs will tens of meters of cable between the readout planes
and the data storage

® These long distances can introduce noise and degrade the signal if the
preamplifier is outside of the TPC, ie there is significant capacitance between the
wire planes and preamps

® Want to instead put the preamps, shapers and signal drivers inside the TPC to
minimize the distance and produce as clean of a signal as possible

® There are multiple approaches to using cold electronics currently being
developed
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Wire

® |ong Bois a cylindrical TPC with 2m drift,
it extends the previous Bo test stand TPC

® Will go into LAPD during its second
phase

® |ong Bo provides the first long drift
distance test at Fermilab, has spurred tests

of HV feed throughs (100kV) that are
benefitting MicroBooNE

]o Jl "1|l|| ‘.

® Also extends tests of cold electronics

mounted on the TPC, ran twice on Bo in
2011

16
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LIBooNE: Cold Electronics

® A primary goal of uBooNE is to
contribute to understanding of
running cold electronics in a LArTPC

® Electronics are being designed
primarily by BNL, will be used in
LBNE too

® Tests show

ENCvs. T - Cd=100pF

® Noise at 87k is half that at 300k

® crosstalk and gain variations are ‘/L
each < 0.3%

1200

1000

® Stress tests also performed show no ™

problems after many immersions in
LNZ 400

200

® ATLAS and NA48 calorimeters show : o awamw

very low failure rate over many years

. Noise vs Temperature
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LIBooNE: Cold Electronics

A e b e b e A e

® A primary goal of UBooNE is to ,
contribute to understanding of : | i =
running cold electronics in a LArTPC ‘ -

BT L L L
vt

® Electronics are being designed
primarily by BNL, will be used in

L BNE too i g T e
°
Tests show
® Noiseac 87kis half thac at 300k & L Ty T T
< : :
® Crosstalk and ga|n Var|atlons are é‘ .....................................................................
each < 0.3% R N DI N
® Stress tests also performed show no  *F B St S e R
problems after many immersions in U SO SO SR SO U S
LIN2 Ea S VRN SN SN S —
® ATLAS and NA48 calorimeters show R
very low failure rate over many years Gain Variation

19
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Cryostat Construction ?dh

. Plate B
Insulation

® Membrane cryostats appear to be a

good option for large LAr detectors Plate A

® W/ell understood technology with 1,000 mr
. . 3,504
industry suppliers 3

® 35 ton prototype will demonstrate
thermal performance, leak tightness,
and use for LAr

® Will also show there are no issues 5,404 mm

related to this technology that can
affect LAr purity

Concrete 4104 mm

® Will share LAPD cryogenic filtration
and pumping system

® Part of the LBNE project

20 LNG Storage with Membrane from IHI
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35 Ton Membrane Cryostat Prototype #

® The concrete bathtub
has been constructed

® |HI, the provider of the
membrane is at Fermilab
teaching technicians and
welders how to work
with the material

_____ pamameter | vale

LAr Temperature
Operating Gas Pressure

Vacuum
Design Pressure
Leak tightness

Heat Leak

Design Code

21

89K + 1K
70 mBar (~ 1 psig)

No Vacuum, we will SLOWLY purge it with GAr
(See LAPD)

207 mBar (~ 3 psig)

106 mBar*|/sec

(with NH3 leak check, ASTM standard)
<13 W/m? (~11.5 W/m?)

Applicable parts of JGA Recommended Practice for LNG
In ground storage tanks
FESHM 5031.5
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Calibration

® The following are outstanding questions on LArTPC performance

EM shower energy resolution

Hadronic shower energy resolution, visible vs invisible energy
Enad/Eem ratio

Directionality of through going particles using delta rays
Particle identification

dE/dx for several particle species

Light collection efficiency

Surface operation in a high cosmic ray rate environment
Studies of proton decay backgrounds

Diffusion studies over long drift distances

22
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LAr Detector Beam Test

Tt
.2

°0’0 1 2 3 4 &?Nazn
w 009 T T | T
.  emf
® Need data from particles and energies .t . ICARUS EM
expected in neutrino experiments: e, s | Shower Energy
p, TT, U sE Resolution
’ ’ 0.04F~ M‘\
o.oai— ~ 2
® Previous estimates of energy i : .
resolution from the 50L WARRP test g
ooALAA Bt A Bt I - L Bt
stand and ICARUS T600 run on the D
surface with cosmic rays
Energy K083 0s the Trat 24mm of rach: 290 Me 'V slectrans va. 290 MeV garmma s I
. 0.16 ol
e T32 at KEK working to understand ' T
: . . 014ENEC Y—e'e
charged particles in ArgoNeuT sized S
TPC o1
0.08
® Need large data set to study e/y P
separation in a controlled manner 0.04
0.02
% o5 one T ey R T R P T R

23

MIPs
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Determining the Right Scale -

® Radiation length is 14 cm, need at least 190 cm of LAr in longitudinal
direction and 30 cm transverse to contain 95% of the energy

® Hadronic interaction length is 80 cm, need 240 cm of LAr longitudinally
and up to 160 cm transversely

® Muons lose 2.2 MeV/cm, so a S5m long active volume will range out a | GeV
muon

® TPC should have active volume on the scale of Imx Im x 5m

® Studies to optimize the size are underway

24
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Phased Plan #

® We would like to get started on
understanding the calibration as
quickly as possible

® Yale and Syracuse have submitted a
NSF proposal to upgrade ArgoNeuT

® Will be used to study charge to
energy conversion with single track s ‘
topologies . “ rmen”

® Also will study initial ionization in

dE/dx (MeV/cm)

—_

w & O o N 0O

~

-~
o

§ F Birks low parameterzation from NIM AS23 2004275
EM showers to understand e/y S o
separation igsof_
® Second phase is to build a facility for i
the larger scale TPC discussed on o
the previous slide ;
® Larger facility will tackle the “E
remaining questions 1op S
I
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Phased Plan

® We would like to get started on
understanding the calibration as
quickly as possible

® Yale and Syracuse have submitted a
NSF proposal to upgrade ArgoNeuT

® Will be used to study charge to |
energy conversion with single track i
topologies . " * e

® Also will study initial ionization in
EM showers to understand e/y
separation

® Second phase is to build a facility for
the larger scale TPC discussed on
the previous slide

® |arger facility will tackle the
remaining questions

dE/dx (MeV/cm)

-

w & O o NvNevOOo

26

Saturday, June 16, 2012



Tt
L. 2

Summary

® Primary challenges to developing large liquid argon TPC are identified and
program developed to address them

® LAPD showed for the first time that an electron lifetime well above that
needed for LBNE can be achieved without evacuating the vessel

® The Long Bo test of large drift distance TPCs will go into LAPD for its next
run

® The 35 ton membrane cryostat prototype is currently under construction
with help from |HI to develop institutional knowledge at Fermilab

® MicroBooNE is contributing to understanding cold electronics as well as
purity measurements and proton decay backgrounds

® The liquid argon detector beam test effort is underway and has good
collaboration between university groups and national labs

27
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Membrane Cryostat

Jt
C. 2

0 Stainless steel primary membrane
9 Plywood board

9 Reinforced polyurethane foam

9 Secondary barrier

9 Reinforced polyurethane foam

@ Plywood board

6 Bearing mastic

@ Concrete covered with moisture barrier

29
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Phase | - Purification without Evacuation

® Basic idea is to use an argon
piston for initial purification,
followed by a few more
volume exchanges

® Cycle a few volumes of clean,
warm Ar gas through the
volume to push out ambient
air and dry out surfaces

® Then recirculate the gas
through filter system when
contamination is < 50 ppm

Ar Gas

30
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Phase | - Purification without Evacuation
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ArgoNeuT: First Cross Section L, i
Measurements on Ar ==

-~ 9 " — .
< +Measured data (w/ stat. and total error) E 30 +Measured data (w/ stat. and total error)
2 8 GENIE expectation = GENIE expectation
£ S
g 7 ® 25
O
2 =
E 6 E 20
ke " S
% 5 8
T T s 15
z 4 =
=3 az
T 3 10
- 2
© 2 ©
5
1
a g 2 a0 g o o o B g g -l o g o g B 2 220 0o 2. o0 o0 o 2.0 ol——1 1 VT D PR ——— ——
% 5 T T T RS N 0 5 10 15 20 25

0, (degrees) P, (GeV/c)

® ArgoNeuT took data in NuMIl beam for 5 months in 2009-2010

® First measurements of differential cross sections for neutrino-Ar
interactions made with the neutrino mode data

. 2 :
0/E,=(7.3£1.2)x10-%8% ([} — 4.3 GeV
® Published in PRL 108, 161802 (2012), 2 more papers nearly ready for

submission to journals

® (Collaboration between Fermilab and 8 other institutions
32
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Gaseous Argon Purge

Experimental vs. CFD Results (Time Shifted)

Near Vessel Center

Tt
L. 2

250000

200000 u = n
o [ " " -
o = Measured@0.752m
\ \ .\ Top of
" . m CFD@0.752m (Time adjusted)
g a 8 \ o I I
Measure: d@1.564m
=
2 150000 u s a'n (
::: I - = ® CFD@1.564m (Time adjusted)
[ [
£ Measure d@2.376m
S [ a s
c ® CFD@2.367m (Time adjusted)
@ =]
g 100000 ) B =] Measured@3.19Zm
o
o . ® CFD@3.192m (Time adjusted)
= |
a
" o
o
50000 =
u ™
1=} o -
v o
[ . = . - [
. o " e "y "a LT
F g o "y Spyg
0 LT T Pt | |1 FTTreee-- 5T -4 |
0.00 1.00 2.00 3.00 4.00 5.00 6.00

Time from Purge Start (hours); CFD shifted to simulation time + 0.42 hrs

® Set of sniffer tubes monitored the oxygen content of the gas inside the vessel at
various depths throughout the purge

® Plot shows the content relative to the pre-purge state of the tank in solid lines
e Clear front of argon gas moving through the vessel

® Comparison to calculations (points) shows good agreement, aside from some

discrepancy in time that is likely due to 3D flow and mixing as argon gas is forced
into the bottom of the tank 3
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Gaseous Argon Recirculation
02, H20, and N2 During Tank Gas Recirculation

=

10
o ® Oxygen 3.2 ppm-> 45 ppb
8:“ @ Water 3 ppm -> 200 ppb
> | @ Nitrogen 17 ppm -> 9.5 ppm
g ® Tank Shell 20 -> 50 deg. C
Q.
Q.

0.1

0.01

0 10 20 30 40 50 60
Volume Changes

p The purge was very successful and brought the vapor in the tank to a contaminatio
level that was below the specifications for the delivered liquid

p Both O; and H,O contamination were well below | ppm after 3 volume exchanges
p Maintained sub-ppm levels in the gas for over 20 days

p Heating the tank shell allowed more contamination to be “baked” out
34
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System in 3D =S

LAr condenser particulate filter

a ] i
l- ! Q 'J’J b
.; 0y “ 4 .::.._P'. : l t t

’

LN2 phase
separator

'-

Zeolite (H,0) filter

35
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The Plan

® We would like to create a facility for ' M-Center
long term use where we can have '
the most flexible program both in
terms of calibration tests and R&D
related tests

® We have examined both the M-Test
and M-Center areas in the Fermilab
Test Beam Facility

ib\
B
L

—~ 1.8
® M-Center appears to be the better S . MINERvA and T977
. 8 1.6 preliminary
of the two locations = miagnet selects
. . g 1.4 pogitive charges
® Size is better matched to the goals P :
and it can be made available for an § .
extended amount of time £ o0s
® Would make use of the tertiary 0.6 :
. 3 . g "‘h :s:.v
beam setup that was first used in the 0.4 B pi+ accidentals T ot
(1 . PR RIPUR oTer Losaalaass il aauel iy
MINERVA test beam program A imtbotsbotctscboti ottt b,
. Time of flight ( nano.se.conds)
36 Tertiary beam composition
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Phase 2: The Facility

MicroBooNE
Filter Skid

MicroBooNE
Pump Skid

® Fermilab would provide the facilities, other groups would provide the active
detectors

® The facility will provide a filtration and pumping system that is appropriately
sized to the volume of LAr

® Use experience from LAPD and MicroBooNE for cryogenic system design

Build cryostat to allow convenient access to inside of vessel

® [magine exchanging electronics, light collection systems, TPCs, etc during
several year program

37
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Institutions Expressing Interest in the Beam =,
Test

Imperial College
London

THE UNIVERSITY OF

CHICAGO
silfiEbes
Argonne
NATIONAL
LABORATORY

§\|r

MANCHESTER

1824
The University of Manchester

MICHIGAN STATE

UNIVERSIT)Y
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